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Top physics at ILC

Higgs

Top

Top being only fermion with mass close to 
electroweak scale make us think that it has 
a special role in the physics beyond the SM. 
Top physics at ILC may open  an unique 
window for discovery of new physics. 

SM

Let’s 
get 

out of 
here!

Wait, 
me first!

i) top mass measurement at the threshold 
ii) tt̅t-Z/γ anomalous coupling measurement 
iii) tt̅t-Higgs coupling measurement 

Top physics is one of the three pillars of ILC physics* !

  The top physics is one of the three pillars of linear collider physics 
program.  
  Current on-going studies in the ILC collaboration include:  

! Properties of top: mass, width and cross section

! Coupling of top, namely, top Yukawa coupling                            

! BSM: anomalous couplings to BSM gauge bosons (Z’, W’, Extra 
dimension etc) ! Top Electroweak coupling.

    Top Physics at LCs H Wt
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Introduction

The Analysis

1 The analysis is done on the semi-leptonic decay of the top
quark:
tt̄ �⇥ (bW )(bW ) �⇥ (bqq)(bl�)

2 Analysis at
⇤

s = 500GeV with an integrated luminosity
L = 500 fb�1.

3 We use the charge of the lepton to know the charge of the
top.

4 The full simulation are done with the ILD detector (Mokka +
Whizard software).

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.
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H ! bb Irreducible for Z, g* ! bb 
Key: mass reconstruction 

Reducible but large cross section 
Key: b-jet tagging, event shape 

tt ! 

bqqbqq  (45%) 

bqqbl"  (44%) 

bl!bl!   (11%) 

 

Analyze: 

6 jets + lepton mode 

8 jets mode 

Signal Major Backgrounds 
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and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
bosons X = �, Z0,

Generally speaking, an e+e� linear collider (LC) can measure t quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process e+e� ⇥ tt goes directly through the ttZ0 and tt�
vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. The Ref. [1] uses
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with k2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further �µ with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory
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Within the Standard Model the Fi have the following values:
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1V = � 1
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⇧
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1
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, (4)

with sw and cw being the sine and the cosine of the Weinberg angle ⇥W . The coupling
F �
2V is related via F �

2V = Qt(g�2)/2 to the anomalous magnetic moment (g�2) with
Qt being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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105-6 ttbar pairs production 
at sqrt[s]=500 GeV with 500 fb-1!
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Jérémy ROUËNÉ LAL Top at the ILC October 25, 2012 6 / 22

(IA0JJFFF@K7;*%&5;*%J/7,6'%&J!LM@NGO@<D1B@DDP!"

(IA0JJFFF@K7;*%&5;*%J/7,6'%&J!LM@NGO@<D1B@DDQ!"

T. Tanabe (tomohiko@icepp.s.u-tokyo.ac.jp)! "#!

�/Z⇥
H

e�

e+

t

t

�/Z⇥
Z

e�

e+

t

t

g�/Z⇥

e�

e+

t

t

�/Z⇥

e�

e+

t

t

H ! bb Irreducible for Z, g* ! bb 
Key: mass reconstruction 

Reducible but large cross section 
Key: b-jet tagging, event shape 

tt ! 

bqqbqq  (45%) 

bqqbl"  (44%) 

bl!bl!   (11%) 

 

Analyze: 

6 jets + lepton mode 

8 jets mode 

Signal Major Backgrounds 

!"#$%&'

!"#$%&'$(!)!*(+,$-./&0$1(

2(

!! !"#$ %&'$ ()*+,$ -.$ %"#$ "#*/-#.%$ #0#1#2%*+3$ '*+450#$ *26$ -%$ -.$ %"#$1&.%$

.%+&2703$ 5&)'0#6$ %&$ %"#$ 1#5"*2-.1$ &8$ #0#5%+&9#*,$ .311#%+3$

:+#*,-27;(

!! <2$ 5&2%+*.%$ %&$ %"#$ .-%)*4&2$ *%$ "*6+&2$ 5&00-6#+.=$ %"#$ 6&1-2*2%$ '*-+$

'+&6)54&2$'+&5#..$!"!#$%$-2/&0/#.$&203$%&'$*26$%!$'+-1*+3$/#+45#.$$

!! >$9*3$%&$6#.5+-:#$%"#$5)++#2%$*%$%"#$%($/#+%#?@$

$

 

/!"

<2%+&6)54&2$

and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
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* ILC baseline energy is 250 GeV.
* For i), energy upgrade to >350 GeV needed.
* For ii)&iii) energy upgrade to >500 GeV needed. 



The t t ̅t-Z/γ anomalous coupling

•   The tt-z/γ anomalous coupling is one of the important probes of 
new physics. Many new physics models predict significant 
deviations from SM.

3 Expected sensitivity to the form factors : LO example

3.1 Narrow Width Approximation

In the narrow width approximation, and at born level, the distribution of events can be described

in the helicity formalism. We denote ⇥x the helicity of particle x.

• The matrix element of the production of the tt̄ pair through Z/� is denoted as : M⇥t,⇥t̄
⇥e⇥ē

,

• The matrix element of the decay t ⇥ l+⇤l b : M⇥t
⇥l̄,⇥� ,⇥b

,

• The matrix element of the decay t̄ ⇥ l�⇤̄l b̄ : M⇥t̄
⇥l,⇥�̄ ,⇥b̄

.

For fully polarized beams, the distribution of events is described by:

| M⇥e⇥ē |2=
⇤

⇥b,⇥b̄,⇥l̄⇥l,⇥� ,⇥�̄

|
⇤
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M⇥t
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⇥l,⇥�̄ ,⇥b̄

|2 (1)

In the following we assume that the data analysis aims to probe the couplings of the top to the

Z/�. The coupling of the W is assumed to be the one of the Standard Model (SM): for the massless

b, l and ⇤ only the left-handed helicities are involved, and the first sum can be removed.

3.2 Form factors and the angular distribution

By using the angular distribution of the top quark production and decays, which can be obtained

by measuring the kinematics of the fully leptonic decays, as discussed in the previous section, we

can extract the top quark polarization pattern. In particular, this pattern carries the information

of the interactions which produce the top and anti-top pair. In [9], assuming that the tt̄ pair is

produced from annihilation of e+e� into a spin one particle, the most general Lagrangian for the

top and anti-top production are obtained in terms of the form factors as:

Lint =
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⇥
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Since for the EDM term, the coupling F �/Z
2A can be a complex number, we have ten real form

factors. Note that in the literature, one can find di�erent notation using the form factors F̃ ’s (see

e.g. [10]). Our numerical result is partially given in terms of F̃ ’s for comparison but these two

definitions are related via simple formulae:
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article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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Introduction

The Analysis

1 The analysis is done on the semi-leptonic decay of the top
quark:
tt̄ �⇥ (bW )(bW ) �⇥ (bqq)(bl�)

2 Analysis at
⇤

s = 500GeV with an integrated luminosity
L = 500 fb�1.

3 We use the charge of the lepton to know the charge of the
top.

4 The full simulation are done with the ILD detector (Mokka +
Whizard software).

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.
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Jérémy ROUËNÉ LAL Top at the ILC October 25, 2012 6 / 22

(IA0JJFFF@K7;*%&5;*%J/7,6'%&J!LM@NGO@<D1B@DDP!"

(IA0JJFFF@K7;*%&5;*%J/7,6'%&J!LM@NGO@<D1B@DDQ!"

t tbar
!(bW)(bW)
!(bqq)(blnu)

FIG. 4. The differential cross-sections for producing top-quark pairs at a 400 GeV e+e−

collider in the following spin configurations in the Off-diagonal basis (defined for e−L e+
R scattering):

t↑t̄↓ (UD), t↓t̄↑ (DU), and the sum of t↑t̄↑ and t↓t̄↓ (UU+DD), for left-handed and right-handed

electron beams.

14

FIG. 4. The differential cross-sections for producing top-quark pairs at a 400 GeV e+e−

collider in the following spin configurations in the Off-diagonal basis (defined for e−L e+
R scattering):

t↑t̄↓ (UD), t↓t̄↑ (DU), and the sum of t↑t̄↑ and t↓t̄↓ (UU+DD), for left-handed and right-handed

electron beams.

14

FIG. 4. The differential cross-sections for producing top-quark pairs at a 400 GeV e+e−

collider in the following spin configurations in the Off-diagonal basis (defined for e−L e+
R scattering):

t↑t̄↓ (UD), t↓t̄↑ (DU), and the sum of t↑t̄↑ and t↓t̄↓ (UU+DD), for left-handed and right-handed

electron beams.

14

Amjad et al, 
arXive:1307.8102



Spin correlation as a tool for discovery

Observables 

Observables

! Cross section of ttbar production
! Forward-Backward asymmetry AFB

! Helicity angle !helicity         
      !helicity: lepton direction in t rest frame

Polarized beam 
useful! 

ILC pol. beam option:  

(e-,e+)=(±0.8,"0.3)

Pa
rk

e 
an

d 
Sh

ad
m

i
PL

B
3
8
7
 (

’9
6
) Top production and decays are very 

different form the other fermions. 
Many (interesting) angular 
correlations emerge, which can be 
used to extract various information.

!!!!!!!!!!!!!!!!!!!!!!!"#$%&!'()%%!*#+%)%,'!-,./!&'.'%&0!

12!34//5!(.*)6,#7!89:;<=2!!!!"#$%&"'%"()'*"&%'%$"""""

<2!>%?#@/%A'6,#7!89B;C=2!!!+"#$%&","*$-%.)",")$/%01)."

B2!34//5!/%A'6,#7!81D;B=2!!!2#$%&","2"*$-%.)&","2")$/%01).&"

!! E(#&!.,./5&#&!#&!76,7%,').'%!?.#,/5!6,!'(%!%$%,'&!F(#7(!(.$%!.!!"#$%&"'()*$+,-*.&,!(.("!

 

!"#$%&'()"*!

/,

!!

e
+
e
!
" tt

012.3+4.,0506,78.&"*+$.9,:65;,<6=>?@1,:A3)'".*,<$*".3,6)&&$B"3,C)3D!E)'1,=F%@?,G.H,

GHA%)#?%,'./!%,$#)6,?%,'!.,*!*.'.!&.?A/%&!

Introduction

The Analysis

1 The analysis is done on the semi-leptonic decay of the top
quark:
tt̄ �⇥ (bW )(bW ) �⇥ (bqq)(bl�)

2 Analysis at
⇤

s = 500GeV with an integrated luminosity
L = 500 fb�1.

3 We use the charge of the lepton to know the charge of the
top.

4 The full simulation are done with the ILD detector (Mokka +
Whizard software).

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.
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A full kinematical information can be 
reconstructed! 

Example of fully leptons final state: 
Angles for mu+, mu- and b, anti-b (7 angles)

Energies of mu+ and mu-  
Energies of b and anti-b 

Khiem, E.K. Kurihara, Le Diberder  arXiv:1503:04247



✴ The recent studies show that these form factor can be 
measured at precision of the per-mill level. 

This is to be compared with the double-leptonic fit, which gives:

⇥[Re �F̃ �
1V ] = 0.003 ; ⇥[Re �F̃Z

1V ] = 0.005 ; ⇥[Re �F̃ �
1A] = 0.005 ; ⇥[Re �F̃Z

1A] = 0.008 (26)

with rather small correlation coe�cients (see below). The distribution of the 4 conjugate variables is
shown on Fig(9).

!"#$ !%#$

!&#$ !'#$

Re(�F̃ �
1V ) Re(�F̃Z

1V )

Re(�F̃Z
1A)Re(�F̃ �

1A)

Figure 9: Distributions of the 4 conjugate variables Re �F̃ �
1V ,Re �F̃Z

1V ,Re �F̃ �
1A and Re �F̃Z

1A. The structure
of the distributions reflect in part the use of beams with opposite polarizations: �80%,±30%.

2- The second measurements is a simultaneous fit of the 2 form factors (cf. Table 4): Re �F �
2V , Re �FZ

2V ,
with the result:

⇥[Re �F �
2V ] = 0.001 ; ⇥[Re �FZ

2V ] = 0.002 (27)

to be compared with the double-leptonic (simultaneous) fit of the two form factors that results in:

⇥[Re �F �
2V ] = 0.0025 ; ⇥[Re �FZ

2V ] = 0.0040 (28)

with a -10% correlation coe�cient.

3- The third measurements presented in table 5 comes from the TESLA TDR, assuming no e+ polarization,
and 300 fb�1 (uncertainties have been rescaled here to 500 fb�1) and are 4 individual fits of the 4 CP-
violating form factors: Re �F̃ �

2A, Re �F̃Z
2A, Im �F̃ �

2A, and Im �F̃Z
2A:

⇥[Re �F̃ �
2A] = 0.005 ; ⇥[Re �F̃Z

2A] = 0.006 ; ⇥[Im �F̃ �
2A] = 0.006 ; ⇥[Im �F̃Z

2A] = 0.012 (29)

to be compared with the double-leptonic simultaneous fit result (with polarized e+ beam):

⇥[Re �F̃ �
2A] = 0.007 ; ⇥[Re �F̃Z

2A] = 0.012 ; ⇥[Im �F̃ �
2A] = 0.007 ; ⇥[Im �F̃Z

2A] = 0.010 (30)

with small correlation coe�cients.
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Figure 4: Graphical comparison of statistical precisions on CP conserving form factors expected at
the LHC, taken from [36] and [37], and at the ILC. The LHC results assume an integrated luminosity
of L = 3000 fb�1 at

⌃
s = 14 TeV. The results for the ILC assume an integrated luminosity of

L = 500 fb�1 at
⌃
s = 500 GeV and a beam polarisation Pe� = ±0.8,Pe+ = ⇥0.3.

published there are compared with the results in the present study in Fig. 4. All but one form factor
will be measured with to about a factor 10 better at the ILC for the scenario discussed in this paper
than it will be possible at the LHC. This exception is FZ

1A where [37] quotes a possible statistical
precision of ⇥FZ

1A ⌅ 0.031. It should however be pointed out that the considerable precision expected
for ⇥FZ

1A benefits strongly from LEP/SLC bounds on the oblique parameters that e.g. render it unlikely
that FZ

1A flips sign due to New Physics. The study presented by [37] is an analysis at leading order
QCD. The analysis carried out in [38] suggests that higher-order e�ects in the theory may allow for an
improvement of the LHC precision by up to 40%. Note at this point that the interference between the
� and the Z in case of e+e� ⇧ tt̄ prevents flips of the signs of the form factors that will be unnoticed
in associated t̄tZ at the LHC.

While the prospects for the LHC discussed so far are based on analyses di�erential in given jet
observables of the final state, LHC experiments observe the process pp ⇧ t̄tZ [39, 40, 41, 42]. The
interpretation of the results is however still limited by the small statistics available for the analyses.

At the LHC electro-weak couplings are measured also in single t quark production. In the e�ective
field theory approach, assuming SU(2)L � U(1) gauge symmetry for the operators, the relation

⇥gtbWL

gtbWL

⌅ 0.35
⇥gZL
gZL

(10)

can be established. Here gtbWL is the charged current coupling of the decay t ⇧ Wb. The CMS
Collaboration [43] reports a precision for the t-b transition probability Vtb of about 4%. In the Standard
Model Vtb is identical to gtbWL . Hence, by means of Eq. 10 the precision of the coupling of left-handed
t quarks to the Z boson can be derived to be of the order of 11%. Noting that ⇤(pp ⇧ t̄tZ) ⇤

†For the Linear Algebra the software package Eigen [27] version 3.2.2 has been used.

10

See also M.S. Amjad et al.  1505.06020

Spin correlation as a tool for discovery

But all these studies have been done 
at tree level…



Theoretical uncertainties

3 Theory uncertainties

The extraction of form factors requires precise predictions of the inclusive top
quark pair production rate and of several di�erential distributions. In this section
the state-of-the-art calculations and estimate theoretical uncertainties are briefly re-
viewed.

The QCD corrections to e+e� � tt production are known up to N3LO for the
inclusive cross section [11], and to NNLO for the forward backward asymmetry
AFB [12]. The perturbative series shows good convergence. In Figure 2(a) the LO,
NLO, NNLO and N3LO predictions for the ratio R(s) of the total cross section for
e+e� � tt to that for massless fermion pair production are shown in the centre-of-
mass energy range around 500 GeV.
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Figure 2: (a) The prediction for the ratio R(s) of the tt production rate and that of massless
fermions, as a function of centre-of-mass energy

⇥
s. (b) The maximum variation (in %)

in the cross section prediction due to alternative choices for the renormalisation scale:
µ = 2

⇥
s. These figures present a compilation of results reported in References [11,13,12].

The N3LO correction to the total cross-section is below 1 %. An estimate of the
size of the next order - obtained from the conventional variation of the renormalisation
scale by a factor two and one half - yields 0.3 %. It can therefore be concluded that
the uncertainty of today’s state-of-the-art calculations is at the per mil level.

In a similar manner the QCD corrections to the prediction of di�erential distri-

7

Kiyo, Maier, Maierhofer, Marquard, NCP B823 (’09)
Bernreuther, Bonciani, Gehrmann, Heinesch, 

Leineweber. NPB750 (’06)
Hoang, Mateu, Zebarjad, NPB813 (’09)

!QCD corrections are known up to N3LO

!Electroweak corrections are known at one-loop level
e−e+ → tt̄ e−e+ → tt̄γ
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Figure 2: The total cross-section as a function of center-of-mass energy. The left figure is
the result of tt̄ production and the right figure shows the result of the tt̄γ reaction. The
triangle points are the result of the tree level calculation while the rectangular points are
the sum of the tree level calculation combined with the full one-loop electroweak radiative
corrections. Lines are only guide for the eyes.

+
β2

8

[

− 4(2− x) ln x−
1 + 3(1− x)2

x
ln(1− x)− 6 + x

]

(5)

with β = 2α
π

(

ln( s
m2

e

)− 1
)

and ∆ = 1 + α
π

(

3
2 ln(

s
m2

e

) + π2

3 − 2
)

.

After obtaining the QED correction, we define the genuine weak correction in the α
scheme:

δW = δEW − δQED. (6)

Having subtracted the genuine weak correction in the α scheme, one can express the
correction in the Gµ scheme. Next we subtract the universal weak correction which is
obtained from ∆r. The genuine weak correction in the Gµ scheme is defined by

δGµ

W = δW − n∆r, (7)

with ∆r = 2.55% for MH = 120 GeV and n = 3(2) for tt̄γ (for tt̄) production respectively.
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with θt the angle of the top quark.
Fig 4 shows the results for AFB as a function of the center-of-mass energy. The

figures show clearly that the top quark asymmetry in the full results is smaller than the
asymmetry at the tree level results only.
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Figure 4: The top quark forward-backward asymmetry as a function of the center-of-
mass energy. Left figure is the results for tt̄ production and right one is the results for tt̄γ
production. The triangle points represent the tree level results and the rectangle points
are the results including the full radiative corrections. Lines are only guide for the eyes.

In Fig 5 we compare the values of AFB in tt̄γ production directly with its value for tt̄
production. From the figures, we find that AFB in tt̄γ production is larger than AFB in tt̄
production. This is the most important result of the paper. The effect should be clearly
observable at the ILC.

4 Conclusions

We have presented the full O(α) electroweak radiative corrections to the process e+e− →
tt̄γ and e+e− → tt̄ at ILC. The calculations were done with the help of the GRACE-Loop
system.

GRACE-Loop have implemented a generalised non-linear gauge fixing condition which
includes five gauge parameters. With the UV, IR finiteness and gauge parameters inde-
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Introduction

The Analysis

1 The analysis is done on the semi-leptonic decay of the top
quark:
tt̄ �⇥ (bW )(bW ) �⇥ (bqq)(bl�)

2 Analysis at
⇤

s = 500GeV with an integrated luminosity
L = 500 fb�1.

3 We use the charge of the lepton to know the charge of the
top.

4 The full simulation are done with the ILD detector (Mokka +
Whizard software).

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.
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and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
bosons X = �, Z0,

Generally speaking, an e+e� linear collider (LC) can measure t quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process e+e� ⇥ tt goes directly through the ttZ0 and tt�
vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. The Ref. [1] uses

�ttX
µ (k2, q, q) = ie

⌥
�µ

⇤
 FX
1V (k

2) + �5  FX
1A(k

2)
⌅
+

(q � q)µ
2mt

⇤
 FX
2V (k

2) + �5  FX
2A(k

2)
⌅�

.

(1)
with k2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further �µ with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

The Gordon composition of the current reads

�ttX
µ (k2, q, q) = �ie

⌥
�µ

�
FX
1V (k

2) + �5F
X
1A(k

2)
⇥
+

⇤µ⇥

2mt
(q + q)µ

�
iFX

2V (k
2) + �5F

X
2A(k

2)
⇥�

,

(2)
with ⇤µ⇥ = i

2 (�µ�⇥ � �⇥�µ). The couplings or form factors  FX
i and FX

i appearing in
Eqs. 1 and 2 are related via

 FX
1V = �

�
FX
1V + FX

2V

⇥
,  FX

2V = FX
2V ,  FX

1A = �FX
1A ,  FX

2A = �iFX
2A . (3)

Within the Standard Model the Fi have the following values:

F �,SM
1V = �2

3
, F �,SM

1A = 0, FZ,SM
1V = � 1

4swcw

⇧
1� 8

3
s2w

⌃
, FZ,SM

1A =
1

4swcw
, (4)

with sw and cw being the sine and the cosine of the Weinberg angle ⇥W . The coupling
F �
2V is related via F �

2V = Qt(g�2)/2 to the anomalous magnetic moment (g�2) with
Qt being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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Theoretical uncertainties

3 Theory uncertainties

The extraction of form factors requires precise predictions of the inclusive top
quark pair production rate and of several di�erential distributions. In this section
the state-of-the-art calculations and estimate theoretical uncertainties are briefly re-
viewed.

The QCD corrections to e+e� � tt production are known up to N3LO for the
inclusive cross section [11], and to NNLO for the forward backward asymmetry
AFB [12]. The perturbative series shows good convergence. In Figure 2(a) the LO,
NLO, NNLO and N3LO predictions for the ratio R(s) of the total cross section for
e+e� � tt to that for massless fermion pair production are shown in the centre-of-
mass energy range around 500 GeV.
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Figure 2: (a) The prediction for the ratio R(s) of the tt production rate and that of massless
fermions, as a function of centre-of-mass energy

⇥
s. (b) The maximum variation (in %)

in the cross section prediction due to alternative choices for the renormalisation scale:
µ = 2

⇥
s. These figures present a compilation of results reported in References [11,13,12].

The N3LO correction to the total cross-section is below 1 %. An estimate of the
size of the next order - obtained from the conventional variation of the renormalisation
scale by a factor two and one half - yields 0.3 %. It can therefore be concluded that
the uncertainty of today’s state-of-the-art calculations is at the per mil level.

In a similar manner the QCD corrections to the prediction of di�erential distri-
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!QCD corrections are known up to N3LO

!Electroweak corrections are known at one-loop level
e−e+ → tt̄ e−e+ → tt̄γ
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Figure 2: The total cross-section as a function of center-of-mass energy. The left figure is
the result of tt̄ production and the right figure shows the result of the tt̄γ reaction. The
triangle points are the result of the tree level calculation while the rectangular points are
the sum of the tree level calculation combined with the full one-loop electroweak radiative
corrections. Lines are only guide for the eyes.

+
β2

8

[

− 4(2− x) ln x−
1 + 3(1− x)2

x
ln(1− x)− 6 + x

]

(5)

with β = 2α
π

(

ln( s
m2

e

)− 1
)

and ∆ = 1 + α
π

(

3
2 ln(

s
m2

e

) + π2

3 − 2
)

.

After obtaining the QED correction, we define the genuine weak correction in the α
scheme:

δW = δEW − δQED. (6)

Having subtracted the genuine weak correction in the α scheme, one can express the
correction in the Gµ scheme. Next we subtract the universal weak correction which is
obtained from ∆r. The genuine weak correction in the Gµ scheme is defined by

δGµ

W = δW − n∆r, (7)

with ∆r = 2.55% for MH = 120 GeV and n = 3(2) for tt̄γ (for tt̄) production respectively.

7

with θt the angle of the top quark.
Fig 4 shows the results for AFB as a function of the center-of-mass energy. The

figures show clearly that the top quark asymmetry in the full results is smaller than the
asymmetry at the tree level results only.

e−e+ → tt̄ e−e+ → tt̄γ
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Figure 4: The top quark forward-backward asymmetry as a function of the center-of-
mass energy. Left figure is the results for tt̄ production and right one is the results for tt̄γ
production. The triangle points represent the tree level results and the rectangle points
are the results including the full radiative corrections. Lines are only guide for the eyes.

In Fig 5 we compare the values of AFB in tt̄γ production directly with its value for tt̄
production. From the figures, we find that AFB in tt̄γ production is larger than AFB in tt̄
production. This is the most important result of the paper. The effect should be clearly
observable at the ILC.

4 Conclusions

We have presented the full O(α) electroweak radiative corrections to the process e+e− →
tt̄γ and e+e− → tt̄ at ILC. The calculations were done with the help of the GRACE-Loop
system.

GRACE-Loop have implemented a generalised non-linear gauge fixing condition which
includes five gauge parameters. With the UV, IR finiteness and gauge parameters inde-
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Introduction

The Analysis

1 The analysis is done on the semi-leptonic decay of the top
quark:
tt̄ �⇥ (bW )(bW ) �⇥ (bqq)(bl�)

2 Analysis at
⇤

s = 500GeV with an integrated luminosity
L = 500 fb�1.

3 We use the charge of the lepton to know the charge of the
top.

4 The full simulation are done with the ILD detector (Mokka +
Whizard software).

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.
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and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
bosons X = �, Z0,

Generally speaking, an e+e� linear collider (LC) can measure t quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process e+e� ⇥ tt goes directly through the ttZ0 and tt�
vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. The Ref. [1] uses

�ttX
µ (k2, q, q) = ie

⌥
�µ

⇤
 FX
1V (k

2) + �5  FX
1A(k

2)
⌅
+

(q � q)µ
2mt

⇤
 FX
2V (k

2) + �5  FX
2A(k

2)
⌅�

.

(1)
with k2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further �µ with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

The Gordon composition of the current reads

�ttX
µ (k2, q, q) = �ie

⌥
�µ

�
FX
1V (k

2) + �5F
X
1A(k

2)
⇥
+

⇤µ⇥

2mt
(q + q)µ

�
iFX

2V (k
2) + �5F

X
2A(k

2)
⇥�

,

(2)
with ⇤µ⇥ = i

2 (�µ�⇥ � �⇥�µ). The couplings or form factors  FX
i and FX

i appearing in
Eqs. 1 and 2 are related via

 FX
1V = �

�
FX
1V + FX

2V

⇥
,  FX

2V = FX
2V ,  FX

1A = �FX
1A ,  FX

2A = �iFX
2A . (3)

Within the Standard Model the Fi have the following values:

F �,SM
1V = �2

3
, F �,SM

1A = 0, FZ,SM
1V = � 1

4swcw

⇧
1� 8

3
s2w

⌃
, FZ,SM

1A =
1

4swcw
, (4)

with sw and cw being the sine and the cosine of the Weinberg angle ⇥W . The coupling
F �
2V is related via F �

2V = Qt(g�2)/2 to the anomalous magnetic moment (g�2) with
Qt being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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Theoretical uncertainties

3 Theory uncertainties

The extraction of form factors requires precise predictions of the inclusive top
quark pair production rate and of several di�erential distributions. In this section
the state-of-the-art calculations and estimate theoretical uncertainties are briefly re-
viewed.

The QCD corrections to e+e� � tt production are known up to N3LO for the
inclusive cross section [11], and to NNLO for the forward backward asymmetry
AFB [12]. The perturbative series shows good convergence. In Figure 2(a) the LO,
NLO, NNLO and N3LO predictions for the ratio R(s) of the total cross section for
e+e� � tt to that for massless fermion pair production are shown in the centre-of-
mass energy range around 500 GeV.
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Figure 2: (a) The prediction for the ratio R(s) of the tt production rate and that of massless
fermions, as a function of centre-of-mass energy

⇥
s. (b) The maximum variation (in %)

in the cross section prediction due to alternative choices for the renormalisation scale:
µ = 2

⇥
s. These figures present a compilation of results reported in References [11,13,12].

The N3LO correction to the total cross-section is below 1 %. An estimate of the
size of the next order - obtained from the conventional variation of the renormalisation
scale by a factor two and one half - yields 0.3 %. It can therefore be concluded that
the uncertainty of today’s state-of-the-art calculations is at the per mil level.

In a similar manner the QCD corrections to the prediction of di�erential distri-
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!QCD corrections are known up to N3LO

!Electroweak corrections are known at one-loop level
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Figure 2: The total cross-section as a function of center-of-mass energy. The left figure is
the result of tt̄ production and the right figure shows the result of the tt̄γ reaction. The
triangle points are the result of the tree level calculation while the rectangular points are
the sum of the tree level calculation combined with the full one-loop electroweak radiative
corrections. Lines are only guide for the eyes.
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After obtaining the QED correction, we define the genuine weak correction in the α
scheme:

δW = δEW − δQED. (6)

Having subtracted the genuine weak correction in the α scheme, one can express the
correction in the Gµ scheme. Next we subtract the universal weak correction which is
obtained from ∆r. The genuine weak correction in the Gµ scheme is defined by

δGµ

W = δW − n∆r, (7)

with ∆r = 2.55% for MH = 120 GeV and n = 3(2) for tt̄γ (for tt̄) production respectively.

7

with θt the angle of the top quark.
Fig 4 shows the results for AFB as a function of the center-of-mass energy. The

figures show clearly that the top quark asymmetry in the full results is smaller than the
asymmetry at the tree level results only.
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Figure 4: The top quark forward-backward asymmetry as a function of the center-of-
mass energy. Left figure is the results for tt̄ production and right one is the results for tt̄γ
production. The triangle points represent the tree level results and the rectangle points
are the results including the full radiative corrections. Lines are only guide for the eyes.

In Fig 5 we compare the values of AFB in tt̄γ production directly with its value for tt̄
production. From the figures, we find that AFB in tt̄γ production is larger than AFB in tt̄
production. This is the most important result of the paper. The effect should be clearly
observable at the ILC.

4 Conclusions

We have presented the full O(α) electroweak radiative corrections to the process e+e− →
tt̄γ and e+e− → tt̄ at ILC. The calculations were done with the help of the GRACE-Loop
system.

GRACE-Loop have implemented a generalised non-linear gauge fixing condition which
includes five gauge parameters. With the UV, IR finiteness and gauge parameters inde-
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EW correction at one-loop is
~5% for cross section 

~10% for AFB

e+e- → ttbar beyond tree level

✴ It has been known since long that the NLO EW correction 
to the t-tbar production is quite sizable. 

✴ ILC can (easily) access to these EW corrections and further 
perform a precision measurement of the SM couplings. 

✴ To search for NP effect, we have to make the EW 
correction under control (nobody knows how to compute 
the NNLO EW correction for now!)
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Theoretical uncertainties

3 Theory uncertainties

The extraction of form factors requires precise predictions of the inclusive top
quark pair production rate and of several di�erential distributions. In this section
the state-of-the-art calculations and estimate theoretical uncertainties are briefly re-
viewed.

The QCD corrections to e+e� � tt production are known up to N3LO for the
inclusive cross section [11], and to NNLO for the forward backward asymmetry
AFB [12]. The perturbative series shows good convergence. In Figure 2(a) the LO,
NLO, NNLO and N3LO predictions for the ratio R(s) of the total cross section for
e+e� � tt to that for massless fermion pair production are shown in the centre-of-
mass energy range around 500 GeV.
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s. These figures present a compilation of results reported in References [11,13,12].

The N3LO correction to the total cross-section is below 1 %. An estimate of the
size of the next order - obtained from the conventional variation of the renormalisation
scale by a factor two and one half - yields 0.3 %. It can therefore be concluded that
the uncertainty of today’s state-of-the-art calculations is at the per mil level.

In a similar manner the QCD corrections to the prediction of di�erential distri-
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Figure 2: The total cross-section as a function of center-of-mass energy. The left figure is
the result of tt̄ production and the right figure shows the result of the tt̄γ reaction. The
triangle points are the result of the tree level calculation while the rectangular points are
the sum of the tree level calculation combined with the full one-loop electroweak radiative
corrections. Lines are only guide for the eyes.
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After obtaining the QED correction, we define the genuine weak correction in the α
scheme:

δW = δEW − δQED. (6)

Having subtracted the genuine weak correction in the α scheme, one can express the
correction in the Gµ scheme. Next we subtract the universal weak correction which is
obtained from ∆r. The genuine weak correction in the Gµ scheme is defined by

δGµ

W = δW − n∆r, (7)

with ∆r = 2.55% for MH = 120 GeV and n = 3(2) for tt̄γ (for tt̄) production respectively.
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with θt the angle of the top quark.
Fig 4 shows the results for AFB as a function of the center-of-mass energy. The

figures show clearly that the top quark asymmetry in the full results is smaller than the
asymmetry at the tree level results only.
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Figure 4: The top quark forward-backward asymmetry as a function of the center-of-
mass energy. Left figure is the results for tt̄ production and right one is the results for tt̄γ
production. The triangle points represent the tree level results and the rectangle points
are the results including the full radiative corrections. Lines are only guide for the eyes.

In Fig 5 we compare the values of AFB in tt̄γ production directly with its value for tt̄
production. From the figures, we find that AFB in tt̄γ production is larger than AFB in tt̄
production. This is the most important result of the paper. The effect should be clearly
observable at the ILC.

4 Conclusions

We have presented the full O(α) electroweak radiative corrections to the process e+e− →
tt̄γ and e+e− → tt̄ at ILC. The calculations were done with the help of the GRACE-Loop
system.

GRACE-Loop have implemented a generalised non-linear gauge fixing condition which
includes five gauge parameters. With the UV, IR finiteness and gauge parameters inde-
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~10% for AFB

e+e- → ttbar beyond tree level

✴ It has been known since long that the NLO EW correction 
to the t-tbar production is quite sizable. 

✴ ILC can (easily) access to these EW corrections and further 
perform a precision measurement of the SM couplings. 

✴ To search for NP effect, we have to make the EW 
correction under control (nobody knows how to compute 
the NNLO EW correction for now!)

✴ We will eventually need 
computations of the higher order 
correction with 6 body final state. 
QCD correction might be still 
doable while EW correction is not 
possible as of today (specific 
THEORY EFFORTS NEEDED!)  



EW@ NLO with GRACE package

Some discussion on Z 0, current mass limit, the e↵ect in case of sequential model ??

3 Electroweak NLO corrections to the spin correlation

of the e+e� ! tt̄ process

The ILC sensitivity result is very impressive: a new physics e↵ect of a percent level can
be identified at ILC. However, these studies are, so far, limited only at the tree level. In
the era of precision physics in particle physics when various experiments are pushing the
limit for unprecedented precision in measurements it is necessary and unavoidable to match
that with higher order theoretical results as well. It has been know for a long time that the
process e+e� ! tt̄ receives a large correction from the electroweak sector: it can amount
to ⇠5 % e↵ect in the cross section and ⇠10 % Reference needed! in the forward-backward
asymmetry. This means nothing but the ILC can very well measure the electroweak NLO
contribution. Very interestingly, the size of the electroweak NLO correction shows a very
strong dependency on the initial e+e� polarisations []. This fact can be used to disentangle
the new physics contribution from the electroweak NLO correction. In this section, we look
at the e↵ects of the correction separately for di↵erent initial and, furthermore, final state
polarisations in order to have obtain the pattern of the electroweak NLO correction, which
can be used to separate it from the possible new physics contributions.

The electroweak NLO correction for the e+e� ! tt̄ process was firstly computed in [] and
confirmed independently in []. In this work, we use the GRACE/GRACE-Loop system,
which automatically computes the one-loop level e+e� ! tt̄ process. The references of the
GRACE/GRACE-Loop system can be found in [] and examples of its application in []. The
new development of the GRACE program allows now to take into account the both initial
and final polarisations []. We use this new system to investigate the spin correlation of the
e+e� ! tt̄ process at electroweak NLO level. Kurihara-san to add a few more references

3.1 Overview of the computation of the electroweak NLO correc-
tion

We briefly summarise the electroweak NLO, i.e. O(↵), computation implemented in GRACE
program while the details can be found in []. Let us start with the virtual correction,
which contain four types of loop diagrams, self-energy corrections, corrections to the electron
vertex, corrections to the top-quark vertex and box corrections. At O(↵), we compute the
interference between the tree level and the virtual contributions to the e+e� ! tt̄ process:

| M0 + ↵Mvirtual |2=| M0 |2 +2↵Re
⇣
M †

0Mvirtual

⌘
+O(↵2) , (21)

6

GRACE/GRACE-Loop package: Belanger et al, Phys.Rep.430, 117
Recent progress: Khiem et al, Eur. Phys. J. C 73 (‘13),  Quach et al, Eur. Phys. J. C78 (‘18) 
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✓ 150 diagrams computed automatically
✓ ‘tHoof-Feynman gauge (xi=1)
✓Goldstone bosons, ghosts etc included
✓Renormalisation; on-shell scheme
✓ IR-div: hard photon cut-off 
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Polarisation dependence of EW@NLO

Khiem, E.K. Kurihara, Le Diberder   arXiv:1503:04247

- large NLO correction to the cross section: e-Le+R

- large NLO correction to the forward-backward asymmetry: e-Re+L

It turned out that the size of the NLO correction depend strongly 
on the initial state polarisation.



Polarisation dependence of EW@NLO
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It turned out that the size of the NLO correction depend strongly 
on the final state polarisation as well.

3.3 Analysing the NLO corrections using the top polarisation

In this section, we further investigate the NLO corrections by decomposing them into di↵erent
final state polarisation. The energy dependence of the cross-section is given in Figure 2 and
3 for initial state polarisation, e�Le

+
R and e�Re

+
L , respectively. The left figures are the total

cross-section at the tree level (dashed line) and at the NLO level (circle, square, diamond and
triangle points) and the right figures are the ratio of the NLO correction, �NLO ⌘ �NLO��tree

�tree
.
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Figure 2: NLO results produced by the GRACE software with the e�Le
+
R initial polarisation.

The red (circle) and blue (square) lines are the result for final state polarisations t�t̄+ and t+t̄�,
respectively. The solid lines represent the tree level plus one loop corrections while the dashed lines
are tree level only. The green (triangle) lines are the result for final state polarisations t±t̄± (the
two configurations give the same result). The left panel is the

p
s dependence of the cross section

and the right panel is the ratio of the NLO correction, �NLO = �NLO��Tree
�Tree

.

Let us start with the Figure 2 (left). As we have seen in the previous section, the e�Le
+
R ! t�t̄+

process has the largest cross-section. This process receives a large negative NLO correction
at low

p
s, which decreases as

p
s increases. The other three top polarisation configurations

receive positive NLO correction, which increases as
p
s increases. As a result, in the sum

of the four processes, the NLO correction is negative at low
p
s and goes positive at a

higher
p
s, which explains the pattern of the NLO correction to the e�Le

+
R observed in the

previous section. Figure 2 (right) shows the ratio of the NLO correction to tree contribution.
The NLO correction to e�Le

+
R ! t�t̄�/t+t̄+ increases rapidly as

p
s increases. This can

be understood, as we have already discussed in the previous section, that the tree level
contribution, which is proportional to the mt mass, vanishes at large

p
s limit. The NLO

correction to e�Le
+
R ! t�t̄+(t+t̄�) increases from ⇠ �7(⇠ 12) % to ⇠ 0(⇠ 22) % as the centre

of mass energy increases from 500 GeV to 1000 GeV. For the e�Re
+
L initial polarisation,

Figure 3 (left) shows that all four final polarisation receives positive NLO corrections. This
explains the pattern of the NLO correction to the e�Re

+
L process observed in the previous

section. Figure 3 (right) shows the similar increase for e�Re
+
L ! t�t̄�/t+t̄+ as e�Le

+
R case, for
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Figure 3: NLO results produced by the GRACE software with the e�Re
+
L initial polarisation.

The red (circle) and blue (square) lines are the result for final state polarisations t�t̄+ and t+t̄�,
respectively. The solid lines represent the tree level plus one loop corrections while the dashed lines
are tree level only. The green (triangle) lines are the result for final state polarisations t±t̄± (the
two configurations give the same result). The left panel is the

p
s dependence of the cross section

and the right panel is the ratio of the NLO correction, �NLO = �NLO��Tree
�Tree

.

the same reason. On the other hand, di↵erent from e�Le
+
R, both e�Re

+
L ! t�t̄+/t+t̄� receives

very similar NLO correction, which increase from ⇠ 12 to ⇠ 87 % as the centre of mass
energy increases from 500 GeV to 1000 GeV.

Add the diagrams here

Next, in order to investigate further the origin of the polarisation dependence of the NLO
correction, we separate the NLO correction coming from the W boson box diagrams, whose
contribution depends strongly on the polarisation due to its left-handed nature. Here, we
focus on the energy,

p
s = 500 GeV. We first summarise the numerical results for

p
s = 500

GeV in Table 2, which corresponds to the result seen in the Figures 2 and 3. Table 3 is
the breakup between the W - box and the others diagrams (including real photon emission).
Note that this separation does not cause any inconsistency as the box diagram with W
boson exchange, i) constitutes a gauge-invariant set together with its partner of unphysical
particles, ii) does not play any role in IR divergence cancellation. Table 3 shows that the
box contributions always contribute with negative values independently of the polarisation
while the other contributions are positive. This means that there is always a certain amount
of cancellation between vertex and box corrections.

Indeed, we can see in Table 3 that the W boson box diagram contributes to the e�Le
+
R initial

polarisation while it is zero for the e�Re
+
L initial state, reflecting the left-handedness of the W

boson coupling. At the large
p
s limit, the W boson contributes only to the t�t̄+ final state

as well. However, at
p
s = 500 GeV, the top quark is a mixture of the chiral left- and right-
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- large NLO correction to the cross section: e-Re+L→t+tbar-

- large NLO correction to the forward-backward asymmetry: e-Le+R→t-tbar+



Polarization �NLO(pb) �Tree (pb) �NLO(%)
e�Le

+
R ! t�t̄+ 0.892 0.960 ⇠ -7.1

e�Le
+
R ! t+t̄� 0.241 0.216 ⇠ 11.6

e�Le
+
R ! t�t̄� 0.141 0.126 ⇠ 12.0

e�Le
+
R ! t+t̄+ 0.141 0.126 ⇠12.0

e�Le
+
R ! (tt̄)tot. 1.415 1.427 ⇠ -0.9

e�Re
+
L ! t+t̄� 0.490 0.447 ⇠ 9.8

e�Re
+
L ! t�t̄+ 0.074 0.064 ⇠ 15.2

e�Re
+
L ! t�t̄� 0.063 0.051 ⇠ 23.6

e�Re
+
L ! t+t̄+ 0.063 0.051 ⇠ 23.6

e�Re
+
L ! (tt̄)tot. 0.691 0.613 ⇠ 12.6

Table 2: The total cross section for di↵erent polarization configurations at the centre of mass,p
s = 500 GeV, with electroweak NLO correction, �NLO and without �Tree. The proportion

of NLO correction is defined as �NLO = �NLO��Tree

�Tree

Polarization �NLO � �Tree(pb) MTree ·MW�box (pb) The rest of NLO (pb)
e�Le

+
R ! t�t̄+ -0.068 -0.161 0.093

e�Le
+
R ! t+t̄� 0.025 -0.006 0.031

e�Le
+
R ! t�t̄� 0.015 -0.013 0.028

e�Le
+
R ! t+t̄+ 0.015 -0.013 0.028

e�Le
+
R ! (tt̄)tot. 0.013 -0.194 0.181

e�Re
+
L ! t+t̄� 0.044 0.000 0.044

e�Re
+
L ! t�t̄+ 0.010 0.000 0.010

e�Re
+
L ! t�t̄� 0.012 0.000 0.012

e�Re
+
L ! t+t̄+ 0.012 0.000 0.012

e�Re
+
L ! (tt̄)tot. 0.077 0.000 0.077

Table 3: TheW box contribution to the NLO correction of the total cross section for di↵erent
polarisation configurations at the centre of mass,

p
s = 500 GeV.

handed states. Therefore, the W box diagram can also contribute to the e�Le
+
R ! t�t̄�/t+t̄+

at the second order in
p

E � |~p| and e�Le
+
R ! t+t̄� at the third order.

The rest of the NLO contributions contain the Z, � box diagrams, the e�e+Z/� or tt̄Z/�
vertex corrections and the real photon emissions. These contributions are interconnected
by gauge invariance as well as IR divergence cancellation so that we can not discuss each
contributions separately. The rest of the NLO correction is always positive and it amounts
to ⇠ 10 % to both the e�L,Re

+
R,L ! t�t̄+ and the e�L,Re

+
R,L ! t+t̄� processes. For the

e�L,Re
+
R,L ! t�t̄� and the e�L,Re

+
R,L ! t+t̄+ processes, this contribution is larger ⇠ 25 %, which

is not surprising because the the limit of a massless top (at high energies) this polarisation
is not allowed while at the loop level, Z can appear in the loop and flip the chirality of the
top quarks as shown in Fig.5.
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Polarisation dependence of EW@NLO

�NLO ⌘ �NLO � �Tree

�NLO + �Tree

Why NLO correction 
is large for e-

Re+
L ?

@500 GeV



3.3 Analysing the NLO corrections using the top polarisation

In this section, we further investigate the NLO corrections by decomposing them into di↵erent
final state polarisation. The energy dependence of the cross-section is given in Figure 2 and
3 for initial state polarisation, e�Le

+
R and e�Re

+
L , respectively. The left figures are the total

cross-section at the tree level (dashed line) and at the NLO level (circle, square, diamond and
triangle points) and the right figures are the ratio of the NLO correction, �NLO ⌘ �NLO��tree

�tree
.
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Figure 2: NLO results produced by the GRACE software with the e�Le
+
R initial polarisation.

The red (circle) and blue (square) lines are the result for final state polarisations t�t̄+ and t+t̄�,
respectively. The solid lines represent the tree level plus one loop corrections while the dashed lines
are tree level only. The green (triangle) lines are the result for final state polarisations t±t̄± (the
two configurations give the same result). The left panel is the

p
s dependence of the cross section

and the right panel is the ratio of the NLO correction, �NLO = �NLO��Tree
�Tree

.

Let us start with the Figure 2 (left). As we have seen in the previous section, the e�Le
+
R ! t�t̄+

process has the largest cross-section. This process receives a large negative NLO correction
at low

p
s, which decreases as

p
s increases. The other three top polarisation configurations

receive positive NLO correction, which increases as
p
s increases. As a result, in the sum

of the four processes, the NLO correction is negative at low
p
s and goes positive at a

higher
p
s, which explains the pattern of the NLO correction to the e�Le

+
R observed in the

previous section. Figure 2 (right) shows the ratio of the NLO correction to tree contribution.
The NLO correction to e�Le

+
R ! t�t̄�/t+t̄+ increases rapidly as

p
s increases. This can

be understood, as we have already discussed in the previous section, that the tree level
contribution, which is proportional to the mt mass, vanishes at large

p
s limit. The NLO

correction to e�Le
+
R ! t�t̄+(t+t̄�) increases from ⇠ �7(⇠ 12) % to ⇠ 0(⇠ 22) % as the centre

of mass energy increases from 500 GeV to 1000 GeV. For the e�Re
+
L initial polarisation,

Figure 3 (left) shows that all four final polarisation receives positive NLO corrections. This
explains the pattern of the NLO correction to the e�Re

+
L process observed in the previous

section. Figure 3 (right) shows the similar increase for e�Re
+
L ! t�t̄�/t+t̄+ as e�Le

+
R case, for

9

√
s GeV

σ
(e

−

e
+
→

tt̄
)
p
s

0.0

0.2

0.4

0.6

0.8

1.0

400 500 600 700 800 900 1000

e
−

L
e
+

R
→ t±t̄±

e
−

L
e
+

R
→ t− t̄+

e
−

L
e
+

R
→ t+t̄−

√
s GeV

δ
N
L
O

0.0

0.2

0.4

0.6

0.8

400 500 600 700 800 900 1000

e
−

L
e
+

R
→ t±t̄±

e
−

L
e
+

R
→ t− t̄+

e
−

L
e
+

R
→ t+t̄−

√
s GeV

σ
(e

−

e
+
→

tt̄
)
p
s

0.0

0.2

0.4

0.6

0.8

1.0

400 500 600 700 800 900 1000

e
−

R
e
+

L
→ t±t̄±

e
−

R
e
+

L
→ t− t̄+

e
−

R
e
+

L
→ t+t̄−

√
s GeV

δ
N
L
O

0.0

0.2

0.4

0.6

0.8

1.0

400 500 600 700 800 900 1000

e
−

R
e
+

L
→ t±t̄±

e
−

R
e
+

L
→ t− t̄+

e
−

R
e
+

L
→ t+t̄−

2

Figure 3: NLO results produced by the GRACE software with the e�Re
+
L initial polarisation.

The red (circle) and blue (square) lines are the result for final state polarisations t�t̄+ and t+t̄�,
respectively. The solid lines represent the tree level plus one loop corrections while the dashed lines
are tree level only. The green (triangle) lines are the result for final state polarisations t±t̄± (the
two configurations give the same result). The left panel is the

p
s dependence of the cross section

and the right panel is the ratio of the NLO correction, �NLO = �NLO��Tree
�Tree

.

the same reason. On the other hand, di↵erent from e�Le
+
R, both e�Re

+
L ! t�t̄+/t+t̄� receives

very similar NLO correction, which increase from ⇠ 12 to ⇠ 87 % as the centre of mass
energy increases from 500 GeV to 1000 GeV.

Add the diagrams here

Next, in order to investigate further the origin of the polarisation dependence of the NLO
correction, we separate the NLO correction coming from the W boson box diagrams, whose
contribution depends strongly on the polarisation due to its left-handed nature. Here, we
focus on the energy,

p
s = 500 GeV. We first summarise the numerical results for

p
s = 500

GeV in Table 2, which corresponds to the result seen in the Figures 2 and 3. Table 3 is
the breakup between the W - box and the others diagrams (including real photon emission).
Note that this separation does not cause any inconsistency as the box diagram with W
boson exchange, i) constitutes a gauge-invariant set together with its partner of unphysical
particles, ii) does not play any role in IR divergence cancellation. Table 3 shows that the
box contributions always contribute with negative values independently of the polarisation
while the other contributions are positive. This means that there is always a certain amount
of cancellation between vertex and box corrections.

Indeed, we can see in Table 3 that the W boson box diagram contributes to the e�Le
+
R initial

polarisation while it is zero for the e�Re
+
L initial state, reflecting the left-handedness of the W

boson coupling. At the large
p
s limit, the W boson contributes only to the t�t̄+ final state

as well. However, at
p
s = 500 GeV, the top quark is a mixture of the chiral left- and right-

10

Polarization �NLO(pb) �Tree (pb) �NLO(%)
e�Le

+
R ! t�t̄+ 0.892 0.960 ⇠ -7.1

e�Le
+
R ! t+t̄� 0.241 0.216 ⇠ 11.6

e�Le
+
R ! t�t̄� 0.141 0.126 ⇠ 12.0

e�Le
+
R ! t+t̄+ 0.141 0.126 ⇠12.0

e�Le
+
R ! (tt̄)tot. 1.415 1.427 ⇠ -0.9

e�Re
+
L ! t+t̄� 0.490 0.447 ⇠ 9.8

e�Re
+
L ! t�t̄+ 0.074 0.064 ⇠ 15.2

e�Re
+
L ! t�t̄� 0.063 0.051 ⇠ 23.6

e�Re
+
L ! t+t̄+ 0.063 0.051 ⇠ 23.6

e�Re
+
L ! (tt̄)tot. 0.691 0.613 ⇠ 12.6

Table 2: The total cross section for di↵erent polarization configurations at the centre of mass,p
s = 500 GeV, with electroweak NLO correction, �NLO and without �Tree. The proportion

of NLO correction is defined as �NLO = �NLO��Tree

�Tree

Polarization �NLO � �Tree(pb) MTree ·MW�box (pb) The rest of NLO (pb)
e�Le

+
R ! t�t̄+ -0.068 -0.161 0.093

e�Le
+
R ! t+t̄� 0.025 -0.006 0.031

e�Le
+
R ! t�t̄� 0.015 -0.013 0.028

e�Le
+
R ! t+t̄+ 0.015 -0.013 0.028

e�Le
+
R ! (tt̄)tot. 0.013 -0.194 0.181

e�Re
+
L ! t+t̄� 0.044 0.000 0.044

e�Re
+
L ! t�t̄+ 0.010 0.000 0.010

e�Re
+
L ! t�t̄� 0.012 0.000 0.012

e�Re
+
L ! t+t̄+ 0.012 0.000 0.012

e�Re
+
L ! (tt̄)tot. 0.077 0.000 0.077

Table 3: TheW box contribution to the NLO correction of the total cross section for di↵erent
polarisation configurations at the centre of mass,

p
s = 500 GeV.

handed states. Therefore, the W box diagram can also contribute to the e�Le
+
R ! t�t̄�/t+t̄+

at the second order in
p

E � |~p| and e�Le
+
R ! t+t̄� at the third order.

The rest of the NLO contributions contain the Z, � box diagrams, the e�e+Z/� or tt̄Z/�
vertex corrections and the real photon emissions. These contributions are interconnected
by gauge invariance as well as IR divergence cancellation so that we can not discuss each
contributions separately. The rest of the NLO correction is always positive and it amounts
to ⇠ 10 % to both the e�L,Re

+
R,L ! t�t̄+ and the e�L,Re

+
R,L ! t+t̄� processes. For the

e�L,Re
+
R,L ! t�t̄� and the e�L,Re

+
R,L ! t+t̄+ processes, this contribution is larger ⇠ 25 %, which

is not surprising because the the limit of a massless top (at high energies) this polarisation
is not allowed while at the loop level, Z can appear in the loop and flip the chirality of the
top quarks as shown in Fig.5.
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In summary, we understood fully the origin of the pattern of the NLO correction. The NLO
correction to the e�Re

+
L initial state is dominated by the rest of the NLO correction, which is

⇠ 10 % for t�t̄+ and t+t̄� final states and ⇠ 25 % for t�t̄� and t+t̄+ final states. The NLO
correction to the e�Le

+
R initial state receives a similar kind of corrections but in addition, the

W box diagram contribute, which is negative. These cancel each other, which makes the
NLO correction smaller for this initial state and in particular, negative for the e�Le

+
R ! t�t̄+

process.

It should be noticed that by summing both the initial and the final polarisation, the NLO
correction at 500 GeV appears to be 3.4 %. This may be acceptable as a ↵ correction. On
the other hand, for the individual polarisation, the correction amounts to 10 % level. The
smallness of the total NLO correction comes from the cancellation of the large negative W
box contribution to the e�Le

+
R ! t�t̄+ process and the rest of NLO correction to this process

plus the NLO correction to all the other subdominant processes.

Figure 4: Feynman diagrams with the highest correction to the vertex of e�Le
+
R ! t�t̄+

Figure 5: Z boson in tt̄ vertex
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Polarisation dependence of EW@NLO

�NLO ⌘ �NLO � �Tree

�NLO + �Tree

Forbidden at tree level 
at massless limit. 

But these 
contributions are very 
small in any case…
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Polarization �NLO(pb) �Tree (pb) �NLO(%)
e�Le

+
R ! t�t̄+ 0.892 0.960 ⇠ -7.1

e�Le
+
R ! t+t̄� 0.241 0.216 ⇠ 11.6

e�Le
+
R ! t�t̄� 0.141 0.126 ⇠ 12.0

e�Le
+
R ! t+t̄+ 0.141 0.126 ⇠12.0

e�Le
+
R ! (tt̄)tot. 1.415 1.427 ⇠ -0.9

e�Re
+
L ! t+t̄� 0.490 0.447 ⇠ 9.8

e�Re
+
L ! t�t̄+ 0.074 0.064 ⇠ 15.2

e�Re
+
L ! t�t̄� 0.063 0.051 ⇠ 23.6

e�Re
+
L ! t+t̄+ 0.063 0.051 ⇠ 23.6

e�Re
+
L ! (tt̄)tot. 0.691 0.613 ⇠ 12.6

Table 2: The total cross section for di↵erent polarization configurations at the centre of mass,p
s = 500 GeV, with electroweak NLO correction, �NLO and without �Tree. The proportion

of NLO correction is defined as �NLO = �NLO��Tree

�Tree

Polarization �NLO � �Tree(pb) MTree ·MW�box (pb) The rest of NLO (pb)
e�Le

+
R ! t�t̄+ -0.068 -0.161 0.093

e�Le
+
R ! t+t̄� 0.025 -0.006 0.031

e�Le
+
R ! t�t̄� 0.015 -0.013 0.028

e�Le
+
R ! t+t̄+ 0.015 -0.013 0.028

e�Le
+
R ! (tt̄)tot. 0.013 -0.194 0.181

e�Re
+
L ! t+t̄� 0.044 0.000 0.044

e�Re
+
L ! t�t̄+ 0.010 0.000 0.010

e�Re
+
L ! t�t̄� 0.012 0.000 0.012

e�Re
+
L ! t+t̄+ 0.012 0.000 0.012

e�Re
+
L ! (tt̄)tot. 0.077 0.000 0.077

Table 3: TheW box contribution to the NLO correction of the total cross section for di↵erent
polarisation configurations at the centre of mass,

p
s = 500 GeV.

handed states. Therefore, the W box diagram can also contribute to the e�Le
+
R ! t�t̄�/t+t̄+

at the second order in
p

E � |~p| and e�Le
+
R ! t+t̄� at the third order.

The rest of the NLO contributions contain the Z, � box diagrams, the e�e+Z/� or tt̄Z/�
vertex corrections and the real photon emissions. These contributions are interconnected
by gauge invariance as well as IR divergence cancellation so that we can not discuss each
contributions separately. The rest of the NLO correction is always positive and it amounts
to ⇠ 10 % to both the e�L,Re

+
R,L ! t�t̄+ and the e�L,Re

+
R,L ! t+t̄� processes. For the

e�L,Re
+
R,L ! t�t̄� and the e�L,Re

+
R,L ! t+t̄+ processes, this contribution is larger ⇠ 25 %, which

is not surprising because the the limit of a massless top (at high energies) this polarisation
is not allowed while at the loop level, Z can appear in the loop and flip the chirality of the
top quarks as shown in Fig.5.
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�NLO ⌘ �NLO � �Tree

�NLO + �Tree

Why NLO correction 
is large for e-

Re+
L ?

⇒ Because t±tbar∓ receive 

the same sign NLO 
correction.  

3.3 Analysing the NLO corrections using the top polarisation

In this section, we further investigate the NLO corrections by decomposing them into di↵erent
final state polarisation. The energy dependence of the cross-section is given in Figure 2 and
3 for initial state polarisation, e�Le

+
R and e�Re

+
L , respectively. The left figures are the total

cross-section at the tree level (dashed line) and at the NLO level (circle, square, diamond and
triangle points) and the right figures are the ratio of the NLO correction, �NLO ⌘ �NLO��tree

�tree
.
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Figure 2: NLO results produced by the GRACE software with the e�Le
+
R initial polarisation.

The red (circle) and blue (square) lines are the result for final state polarisations t�t̄+ and t+t̄�,
respectively. The solid lines represent the tree level plus one loop corrections while the dashed lines
are tree level only. The green (triangle) lines are the result for final state polarisations t±t̄± (the
two configurations give the same result). The left panel is the

p
s dependence of the cross section

and the right panel is the ratio of the NLO correction, �NLO = �NLO��Tree
�Tree

.

Let us start with the Figure 2 (left). As we have seen in the previous section, the e�Le
+
R ! t�t̄+

process has the largest cross-section. This process receives a large negative NLO correction
at low

p
s, which decreases as

p
s increases. The other three top polarisation configurations

receive positive NLO correction, which increases as
p
s increases. As a result, in the sum

of the four processes, the NLO correction is negative at low
p
s and goes positive at a

higher
p
s, which explains the pattern of the NLO correction to the e�Le

+
R observed in the

previous section. Figure 2 (right) shows the ratio of the NLO correction to tree contribution.
The NLO correction to e�Le

+
R ! t�t̄�/t+t̄+ increases rapidly as

p
s increases. This can

be understood, as we have already discussed in the previous section, that the tree level
contribution, which is proportional to the mt mass, vanishes at large

p
s limit. The NLO

correction to e�Le
+
R ! t�t̄+(t+t̄�) increases from ⇠ �7(⇠ 12) % to ⇠ 0(⇠ 22) % as the centre

of mass energy increases from 500 GeV to 1000 GeV. For the e�Re
+
L initial polarisation,

Figure 3 (left) shows that all four final polarisation receives positive NLO corrections. This
explains the pattern of the NLO correction to the e�Re

+
L process observed in the previous

section. Figure 3 (right) shows the similar increase for e�Re
+
L ! t�t̄�/t+t̄+ as e�Le

+
R case, for
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Figure 3: NLO results produced by the GRACE software with the e�Re
+
L initial polarisation.

The red (circle) and blue (square) lines are the result for final state polarisations t�t̄+ and t+t̄�,
respectively. The solid lines represent the tree level plus one loop corrections while the dashed lines
are tree level only. The green (triangle) lines are the result for final state polarisations t±t̄± (the
two configurations give the same result). The left panel is the

p
s dependence of the cross section

and the right panel is the ratio of the NLO correction, �NLO = �NLO��Tree
�Tree

.

the same reason. On the other hand, di↵erent from e�Le
+
R, both e�Re

+
L ! t�t̄+/t+t̄� receives

very similar NLO correction, which increase from ⇠ 12 to ⇠ 87 % as the centre of mass
energy increases from 500 GeV to 1000 GeV.

Add the diagrams here

Next, in order to investigate further the origin of the polarisation dependence of the NLO
correction, we separate the NLO correction coming from the W boson box diagrams, whose
contribution depends strongly on the polarisation due to its left-handed nature. Here, we
focus on the energy,

p
s = 500 GeV. We first summarise the numerical results for

p
s = 500

GeV in Table 2, which corresponds to the result seen in the Figures 2 and 3. Table 3 is
the breakup between the W - box and the others diagrams (including real photon emission).
Note that this separation does not cause any inconsistency as the box diagram with W
boson exchange, i) constitutes a gauge-invariant set together with its partner of unphysical
particles, ii) does not play any role in IR divergence cancellation. Table 3 shows that the
box contributions always contribute with negative values independently of the polarisation
while the other contributions are positive. This means that there is always a certain amount
of cancellation between vertex and box corrections.

Indeed, we can see in Table 3 that the W boson box diagram contributes to the e�Le
+
R initial

polarisation while it is zero for the e�Re
+
L initial state, reflecting the left-handedness of the W

boson coupling. At the large
p
s limit, the W boson contributes only to the t�t̄+ final state

as well. However, at
p
s = 500 GeV, the top quark is a mixture of the chiral left- and right-
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Polarization �NLO(pb) �Tree (pb) �NLO(%)
e�Le

+
R ! t�t̄+ 0.892 0.960 ⇠ -7.1

e�Le
+
R ! t+t̄� 0.241 0.216 ⇠ 11.6

e�Le
+
R ! t�t̄� 0.141 0.126 ⇠ 12.0

e�Le
+
R ! t+t̄+ 0.141 0.126 ⇠12.0

e�Le
+
R ! (tt̄)tot. 1.415 1.427 ⇠ -0.9

e�Re
+
L ! t+t̄� 0.490 0.447 ⇠ 9.8

e�Re
+
L ! t�t̄+ 0.074 0.064 ⇠ 15.2

e�Re
+
L ! t�t̄� 0.063 0.051 ⇠ 23.6

e�Re
+
L ! t+t̄+ 0.063 0.051 ⇠ 23.6

e�Re
+
L ! (tt̄)tot. 0.691 0.613 ⇠ 12.6

Table 2: The total cross section for di↵erent polarization configurations at the centre of mass,p
s = 500 GeV, with electroweak NLO correction, �NLO and without �Tree. The proportion

of NLO correction is defined as �NLO = �NLO��Tree

�Tree

Polarization �NLO � �Tree(pb) MTree ·MW�box (pb) The rest of NLO (pb)
e�Le

+
R ! t�t̄+ -0.068 -0.161 0.093

e�Le
+
R ! t+t̄� 0.025 -0.006 0.031

e�Le
+
R ! t�t̄� 0.015 -0.013 0.028

e�Le
+
R ! t+t̄+ 0.015 -0.013 0.028

e�Le
+
R ! (tt̄)tot. 0.013 -0.194 0.181

e�Re
+
L ! t+t̄� 0.044 0.000 0.044

e�Re
+
L ! t�t̄+ 0.010 0.000 0.010

e�Re
+
L ! t�t̄� 0.012 0.000 0.012

e�Re
+
L ! t+t̄+ 0.012 0.000 0.012

e�Re
+
L ! (tt̄)tot. 0.077 0.000 0.077

Table 3: TheW box contribution to the NLO correction of the total cross section for di↵erent
polarisation configurations at the centre of mass,

p
s = 500 GeV.

handed states. Therefore, the W box diagram can also contribute to the e�Le
+
R ! t�t̄�/t+t̄+

at the second order in
p

E � |~p| and e�Le
+
R ! t+t̄� at the third order.

The rest of the NLO contributions contain the Z, � box diagrams, the e�e+Z/� or tt̄Z/�
vertex corrections and the real photon emissions. These contributions are interconnected
by gauge invariance as well as IR divergence cancellation so that we can not discuss each
contributions separately. The rest of the NLO correction is always positive and it amounts
to ⇠ 10 % to both the e�L,Re

+
R,L ! t�t̄+ and the e�L,Re

+
R,L ! t+t̄� processes. For the

e�L,Re
+
R,L ! t�t̄� and the e�L,Re

+
R,L ! t+t̄+ processes, this contribution is larger ⇠ 25 %, which

is not surprising because the the limit of a massless top (at high energies) this polarisation
is not allowed while at the loop level, Z can appear in the loop and flip the chirality of the
top quarks as shown in Fig.5.
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�NLO + �Tree

Why NLO correction 
is large for e-

Re+
L ?

⇒ Because t±tbar∓ receive 

the same sign NLO 
correction.  

⇒ Then, why the sign of NLO 

corruption is opposite for 
e-

L
+

R → t+tbar- 
and

e-
L
+

R → t-tbar+  ???

3.3 Analysing the NLO corrections using the top polarisation

In this section, we further investigate the NLO corrections by decomposing them into di↵erent
final state polarisation. The energy dependence of the cross-section is given in Figure 2 and
3 for initial state polarisation, e�Le

+
R and e�Re

+
L , respectively. The left figures are the total

cross-section at the tree level (dashed line) and at the NLO level (circle, square, diamond and
triangle points) and the right figures are the ratio of the NLO correction, �NLO ⌘ �NLO��tree

�tree
.
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Figure 2: NLO results produced by the GRACE software with the e�Le
+
R initial polarisation.

The red (circle) and blue (square) lines are the result for final state polarisations t�t̄+ and t+t̄�,
respectively. The solid lines represent the tree level plus one loop corrections while the dashed lines
are tree level only. The green (triangle) lines are the result for final state polarisations t±t̄± (the
two configurations give the same result). The left panel is the

p
s dependence of the cross section

and the right panel is the ratio of the NLO correction, �NLO = �NLO��Tree
�Tree

.

Let us start with the Figure 2 (left). As we have seen in the previous section, the e�Le
+
R ! t�t̄+

process has the largest cross-section. This process receives a large negative NLO correction
at low

p
s, which decreases as

p
s increases. The other three top polarisation configurations

receive positive NLO correction, which increases as
p
s increases. As a result, in the sum

of the four processes, the NLO correction is negative at low
p
s and goes positive at a

higher
p
s, which explains the pattern of the NLO correction to the e�Le

+
R observed in the

previous section. Figure 2 (right) shows the ratio of the NLO correction to tree contribution.
The NLO correction to e�Le

+
R ! t�t̄�/t+t̄+ increases rapidly as

p
s increases. This can

be understood, as we have already discussed in the previous section, that the tree level
contribution, which is proportional to the mt mass, vanishes at large

p
s limit. The NLO

correction to e�Le
+
R ! t�t̄+(t+t̄�) increases from ⇠ �7(⇠ 12) % to ⇠ 0(⇠ 22) % as the centre

of mass energy increases from 500 GeV to 1000 GeV. For the e�Re
+
L initial polarisation,

Figure 3 (left) shows that all four final polarisation receives positive NLO corrections. This
explains the pattern of the NLO correction to the e�Re

+
L process observed in the previous

section. Figure 3 (right) shows the similar increase for e�Re
+
L ! t�t̄�/t+t̄+ as e�Le

+
R case, for
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Figure 3: NLO results produced by the GRACE software with the e�Re
+
L initial polarisation.

The red (circle) and blue (square) lines are the result for final state polarisations t�t̄+ and t+t̄�,
respectively. The solid lines represent the tree level plus one loop corrections while the dashed lines
are tree level only. The green (triangle) lines are the result for final state polarisations t±t̄± (the
two configurations give the same result). The left panel is the

p
s dependence of the cross section

and the right panel is the ratio of the NLO correction, �NLO = �NLO��Tree
�Tree

.

the same reason. On the other hand, di↵erent from e�Le
+
R, both e�Re

+
L ! t�t̄+/t+t̄� receives

very similar NLO correction, which increase from ⇠ 12 to ⇠ 87 % as the centre of mass
energy increases from 500 GeV to 1000 GeV.

Add the diagrams here

Next, in order to investigate further the origin of the polarisation dependence of the NLO
correction, we separate the NLO correction coming from the W boson box diagrams, whose
contribution depends strongly on the polarisation due to its left-handed nature. Here, we
focus on the energy,

p
s = 500 GeV. We first summarise the numerical results for

p
s = 500

GeV in Table 2, which corresponds to the result seen in the Figures 2 and 3. Table 3 is
the breakup between the W - box and the others diagrams (including real photon emission).
Note that this separation does not cause any inconsistency as the box diagram with W
boson exchange, i) constitutes a gauge-invariant set together with its partner of unphysical
particles, ii) does not play any role in IR divergence cancellation. Table 3 shows that the
box contributions always contribute with negative values independently of the polarisation
while the other contributions are positive. This means that there is always a certain amount
of cancellation between vertex and box corrections.

Indeed, we can see in Table 3 that the W boson box diagram contributes to the e�Le
+
R initial

polarisation while it is zero for the e�Re
+
L initial state, reflecting the left-handedness of the W

boson coupling. At the large
p
s limit, the W boson contributes only to the t�t̄+ final state

as well. However, at
p
s = 500 GeV, the top quark is a mixture of the chiral left- and right-
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Polarization �NLO(pb) �Tree (pb) �NLO(%)
e�Le

+
R ! t�t̄+ 0.892 0.960 ⇠ -7.1

e�Le
+
R ! t+t̄� 0.241 0.216 ⇠ 11.6

e�Le
+
R ! t�t̄� 0.141 0.126 ⇠ 12.0

e�Le
+
R ! t+t̄+ 0.141 0.126 ⇠12.0

e�Le
+
R ! (tt̄)tot. 1.415 1.427 ⇠ -0.9

e�Re
+
L ! t+t̄� 0.490 0.447 ⇠ 9.8

e�Re
+
L ! t�t̄+ 0.074 0.064 ⇠ 15.2

e�Re
+
L ! t�t̄� 0.063 0.051 ⇠ 23.6

e�Re
+
L ! t+t̄+ 0.063 0.051 ⇠ 23.6

e�Re
+
L ! (tt̄)tot. 0.691 0.613 ⇠ 12.6

Table 2: The total cross section for di↵erent polarization configurations at the centre of mass,p
s = 500 GeV, with electroweak NLO correction, �NLO and without �Tree. The proportion

of NLO correction is defined as �NLO = �NLO��Tree

�Tree

Polarization �NLO � �Tree(pb) MTree ·MW�box (pb) The rest of NLO (pb)
e�Le

+
R ! t�t̄+ -0.068 -0.161 0.093

e�Le
+
R ! t+t̄� 0.025 -0.006 0.031

e�Le
+
R ! t�t̄� 0.015 -0.013 0.028

e�Le
+
R ! t+t̄+ 0.015 -0.013 0.028

e�Le
+
R ! (tt̄)tot. 0.013 -0.194 0.181

e�Re
+
L ! t+t̄� 0.044 0.000 0.044

e�Re
+
L ! t�t̄+ 0.010 0.000 0.010

e�Re
+
L ! t�t̄� 0.012 0.000 0.012

e�Re
+
L ! t+t̄+ 0.012 0.000 0.012

e�Re
+
L ! (tt̄)tot. 0.077 0.000 0.077

Table 3: TheW box contribution to the NLO correction of the total cross section for di↵erent
polarisation configurations at the centre of mass,

p
s = 500 GeV.

handed states. Therefore, the W box diagram can also contribute to the e�Le
+
R ! t�t̄�/t+t̄+

at the second order in
p

E � |~p| and e�Le
+
R ! t+t̄� at the third order.

The rest of the NLO contributions contain the Z, � box diagrams, the e�e+Z/� or tt̄Z/�
vertex corrections and the real photon emissions. These contributions are interconnected
by gauge invariance as well as IR divergence cancellation so that we can not discuss each
contributions separately. The rest of the NLO correction is always positive and it amounts
to ⇠ 10 % to both the e�L,Re

+
R,L ! t�t̄+ and the e�L,Re

+
R,L ! t+t̄� processes. For the

e�L,Re
+
R,L ! t�t̄� and the e�L,Re

+
R,L ! t+t̄+ processes, this contribution is larger ⇠ 25 %, which

is not surprising because the the limit of a massless top (at high energies) this polarisation
is not allowed while at the loop level, Z can appear in the loop and flip the chirality of the
top quarks as shown in Fig.5.
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Polarisation dependence of EW@NLO
Obvious difference in NLO correction between two initial 
polarisation is the W box diagram (it is only for e-

Le+
R)! 

@500 GeV



Polarization �NLO(pb) �Tree (pb) �NLO(%)
e�Le

+
R ! t�t̄+ 0.892 0.960 ⇠ -7.1

e�Le
+
R ! t+t̄� 0.241 0.216 ⇠ 11.6

e�Le
+
R ! t�t̄� 0.141 0.126 ⇠ 12.0

e�Le
+
R ! t+t̄+ 0.141 0.126 ⇠12.0

e�Le
+
R ! (tt̄)tot. 1.415 1.427 ⇠ -0.9

e�Re
+
L ! t+t̄� 0.490 0.447 ⇠ 9.8

e�Re
+
L ! t�t̄+ 0.074 0.064 ⇠ 15.2

e�Re
+
L ! t�t̄� 0.063 0.051 ⇠ 23.6

e�Re
+
L ! t+t̄+ 0.063 0.051 ⇠ 23.6

e�Re
+
L ! (tt̄)tot. 0.691 0.613 ⇠ 12.6

Table 2: The total cross section for di↵erent polarization configurations at the centre of mass,p
s = 500 GeV, with electroweak NLO correction, �NLO and without �Tree. The proportion

of NLO correction is defined as �NLO = �NLO��Tree

�Tree

Polarization �NLO � �Tree(pb) MTree ·MW�box (pb) The rest of NLO (pb)
e�Le

+
R ! t�t̄+ -0.068 -0.161 0.093

e�Le
+
R ! t+t̄� 0.025 -0.006 0.031

e�Le
+
R ! t�t̄� 0.015 -0.013 0.028

e�Le
+
R ! t+t̄+ 0.015 -0.013 0.028

e�Le
+
R ! (tt̄)tot. 0.013 -0.194 0.181

e�Re
+
L ! t+t̄� 0.044 0.000 0.044

e�Re
+
L ! t�t̄+ 0.010 0.000 0.010

e�Re
+
L ! t�t̄� 0.012 0.000 0.012

e�Re
+
L ! t+t̄+ 0.012 0.000 0.012

e�Re
+
L ! (tt̄)tot. 0.077 0.000 0.077

Table 3: TheW box contribution to the NLO correction of the total cross section for di↵erent
polarisation configurations at the centre of mass,

p
s = 500 GeV.

handed states. Therefore, the W box diagram can also contribute to the e�Le
+
R ! t�t̄�/t+t̄+

at the second order in
p

E � |~p| and e�Le
+
R ! t+t̄� at the third order.

The rest of the NLO contributions contain the Z, � box diagrams, the e�e+Z/� or tt̄Z/�
vertex corrections and the real photon emissions. These contributions are interconnected
by gauge invariance as well as IR divergence cancellation so that we can not discuss each
contributions separately. The rest of the NLO correction is always positive and it amounts
to ⇠ 10 % to both the e�L,Re

+
R,L ! t�t̄+ and the e�L,Re

+
R,L ! t+t̄� processes. For the

e�L,Re
+
R,L ! t�t̄� and the e�L,Re

+
R,L ! t+t̄+ processes, this contribution is larger ⇠ 25 %, which

is not surprising because the the limit of a massless top (at high energies) this polarisation
is not allowed while at the loop level, Z can appear in the loop and flip the chirality of the
top quarks as shown in Fig.5.
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Polarisation dependence of EW@NLO
Obvious difference in NLO correction between two initial 
polarisation is the W box diagram (it is only for e-

Le+
R)! 

⇒ BUT… 

is the box diagram 
gauge independent???

@500 GeV



Gauge dependence consideration

Effects of Superheavy Quarks and Leptons 299 

§ 2. Effective Lagrangian for ds- J.tji, dS--+)lv and ds- sd 

Consider the sequential scheme with an arbitrary number of generations N, 
and denote the j-th Quark doublet of charge 2/3 and -1/3 and the j-th lepton 

doublet by Ci;.) and (t) respectively. In this notation, u= Ul, d= dl and Ve= VI, 

e = L. We will assume that all neutrinos are massless, so that there is no mixing 
among leptons. The hadronic charged current takes the form 

(2'1) 

where Ujk is an N X N unitary matrix. 
The computation of the amplitudes for KL - f-Ljl, and KO ...... j{0 

amounts to finding the effective Lagrangian for the elementary processes d S - f-Ljl, 
ds--+ VlJ and ds- and the evaluation of the matrix elements thereof. 
There are two classes of diagrams that contribute to these elementary processes: 
One consists of Z exchange diagrams generated by the induced dsZ coupling (Fig. 
1), the other of the box-diagram in which weak-bosons W± and unphysical scalar 
(P are exchanged (box-diagrams for ds-' VlJ are shown in Fig. 2). 

Throughout the paper, the external fermion masses and momenta will be set 
to zero compared with the internal fermion masses. The one-loop amplitudes for 
the three elementary processes are. then described concisely in terms of the 
effective four-Fermion interaction, which takes the form 

with 

1: eff= {x[4 s L/"dL( Cf-Lly"f-LL - DiVLiy"VU)+ E( sly"dd Z
] 

+ (a/ 4Jr )[HI s Ly"dL + HzO -I J"( ms sl(j""dL 
+ md S R(j"vdR) ]f-LY" f-L} + h.c. 
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Fig. 1. The Z exchange diagram contributing to 

dS-'vi/ and Fig. 2. The box-diagrams for 
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Fig. 4. The one-loop contributing to the self-
energy part of the s transition. the blob in 
Fig. :1. 

Fig. 3. The one-loop diagrams contributing to the 
induced drZ vertex. The same diagrams 
with Z boson replaced by photon give the 
induced dry vertex. 

(The singularities at Xj = 1 in the second and third terms are superficial and are 
absent in their sum.) The term in (2-7) is given by 

(2-8) 

For the above results (2-7) and (2-8) coincide with those of Refs. 17) 
and 18) up to order of Xj. We note in passing that the term x) 4 becomes 
dominant for large Xj in Eq. (2-7). This term arises, as seen from Appendix A, 
from diagrams of unphysical scalar exchange (diagrams, a+ b, d and h of Fig. 3). 

The contribution of the Z exchange diagram to feff can immediately be found 
from the induced dsZ coupling (2-3). The result is 

(2-9) 

The computation of the photon exchange contribution is somewhat more 
involved and requires the calculation of the induced ds)' coupling up to second 
order in the external momenta. The resulting coefficients H1 and H2 are given in 
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In the FCNC computation, the gauge dependence cancels 
between box and vertex correction diagrams…

Inami and Lim, PTP, 65 (‘81) 297 

For e+ e- -> bbbar, the box, we compute only the vertex 
correction… but it is because the box is very small near Z 

pole (also for on-shell Z, it is gauge-invariant)
Lynn and Stuart Phys.Lett.B 252 (’90) 676

Phys.Lett.B 252 (1990) 676-682
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In the FCNC computation, the gauge dependence cancels 
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For e+ e- -> bbbar, the box, we compute only the vertex 
correction… but it is because the box is very small near Z 

pole (also for on-shell Z, it is gauge-invariant)
Lynn and Stuart Phys.Lett.B 252 (’90) 676

Phys.Lett.B 252 (1990) 676-682✴ Gauge invariant combination is

W/Z/γ box + W/Z vertex + gauge boson self energy



Conclusions

• The tt-z/γ anomalous coupling is one of the important probes of 
new physics. Many new physics models predict significant 
deviations from SM.

• Experimentally the form factor for tt-z/γ can be measured at the 
per-mill level. 

• The electroweak NLO correction is known to reach to 5-10%. 
Thus, it has to be included in the future studies.  

• The electroweak NLO correction is sensitive to the initial and 
final polarisation. 

• The polarised ILC will allow us a more detailed study. 
• Specific theoretical efforts are needed to make progress on the 

electroweak correction in the future.
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e+e- → ttbar @ tree level

3 Expected sensitivity to the form factors : LO example

3.1 Narrow Width Approximation

In the narrow width approximation, and at born level, the distribution of events can be described

in the helicity formalism. We denote ⇥x the helicity of particle x.

• The matrix element of the production of the tt̄ pair through Z/� is denoted as : M⇥t,⇥t̄
⇥e⇥ē

,

• The matrix element of the decay t ⇥ l+⇤l b : M⇥t
⇥l̄,⇥� ,⇥b

,

• The matrix element of the decay t̄ ⇥ l�⇤̄l b̄ : M⇥t̄
⇥l,⇥�̄ ,⇥b̄

.

For fully polarized beams, the distribution of events is described by:

| M⇥e⇥ē |2=
⇤

⇥b,⇥b̄,⇥l̄⇥l,⇥� ,⇥�̄

|
⇤

⇥t,⇥t̄

M⇥t,⇥t̄
⇥e,⇥ē

M⇥t
⇥l̄,⇥� ,⇥b

M⇥t̄
⇥l,⇥�̄ ,⇥b̄

|2 (1)

In the following we assume that the data analysis aims to probe the couplings of the top to the

Z/�. The coupling of the W is assumed to be the one of the Standard Model (SM): for the massless

b, l and ⇤ only the left-handed helicities are involved, and the first sum can be removed.

3.2 Form factors and the angular distribution

By using the angular distribution of the top quark production and decays, which can be obtained

by measuring the kinematics of the fully leptonic decays, as discussed in the previous section, we

can extract the top quark polarization pattern. In particular, this pattern carries the information

of the interactions which produce the top and anti-top pair. In [9], assuming that the tt̄ pair is

produced from annihilation of e+e� into a spin one particle, the most general Lagrangian for the

top and anti-top production are obtained in terms of the form factors as:

Lint =
⇤

v=�,Z

gv
�
V v
l t̄�

l(F v
1V + F v

1A�5)t+
i

2mt
⇧⇤Vl t̄⌅

l⇤(F v
2V + F v

2A�5)t

⇥
(2)

Since for the EDM term, the coupling F �/Z
2A can be a complex number, we have ten real form

factors. Note that in the literature, one can find di�erent notation using the form factors F̃ ’s (see

e.g. [10]). Our numerical result is partially given in terms of F̃ ’s for comparison but these two

definitions are related via simple formulae:

˜F v
1V = �(F v

1V + F v
2V ), ˜F v

2V = F v
2V , ˜F v

1A = �F v
1A, ˜F v

2A = �iF v
2A

5

By using these form factors, the angular distribution for each combination of the initial and the

final polarization stems from the sum of the ⇤ and Z exchange amplitudes (see e.g. [11]):

M(eLēR ⇥ tLt̄R)
�/Z = c�/ZL [F �/Z

1V � ⇥F �/Z
1A + F �/Z

2V ](1 + cos ⌅)e�i⇤ (3)

M(eLēR ⇥ tRt̄L)
�/Z = c�/ZL [F �/Z

1V + ⇥F �/Z
1A + F �/Z

2V ](1� cos ⌅)e�i⇤ (4)

M(eLēR ⇥ tLt̄L)
�/Z = c�/ZL ⇤�1[F �/Z

1V + ⇤2(F �/Z
2V + ⇥F �/Z

2A )] sin ⌅e�i⇤ (5)

M(eLēR ⇥ tRt̄R)
�/Z = c�/ZL ⇤�1[F �/Z

1V + ⇤2(F �/Z
2V � ⇥F �/Z

2A )] sin ⌅e�i⇤ (6)

M(eRēL ⇥ tLt̄R)
�/Z = �c�/ZR [F �/Z

1V � ⇥F �/Z
1A + F �/Z

2V ](1� cos ⌅)ei⇤ (7)

M(eRēL ⇥ tRt̄L)
�/Z = �c�/ZR [F �/Z

1V + ⇥F �/Z
1A + F �/Z

2V ](1 + cos ⌅)ei⇤ (8)

M(eRēL ⇥ tLt̄L)
�/Z = c�/ZR ⇤�1[F �/Z

1V + ⇤2(F �/Z
2V + ⇥F �/Z

2A )] sin ⌅ei⇤ (9)

M(eRēL ⇥ tRt̄R)
�/Z = c�/ZR ⇤�1[F �/Z

1V + ⇤2(F �/Z
2V � ⇥F �/Z

2A )] sin ⌅ei⇤ (10)

where ⇥2 = 1� 4m2
t /s, ⇤ =

⌅
s/(2mt) and the overall factors c�/ZL/R are:

c�L = �1, c�R = �1, cZL =

�
�1/2 + s2w

swcs

⇥�
s

s�m2
Z

⇥
, cZR =

�
s2w
swcs

⇥�
s

s�m2
Z

⇥
(11)

where sw = sin ⌅w and cw = cos ⌅W , with ⌅W being the weak mixing angle.

The core of the experimental technique advocated here is to use the complete kinematics of the

final state to perform a likelihood analysis based on the complete PDF as provided by the matrix

element of the process. Doing so, the analysis is optimal, since it uses all available information.

3.3 Optimal data analysis

Let’s define | M |2 (�) the complete matrix element squared, for a given beam polarizations. It

depends on k constants, here collectively denoted by �. Upon integration over phase space, and

for a given luminosity L, one expects a number of events:

N(�) = L
⇤

| M |2 (�) dLips (12)

where the Lorentz invariant phase space is:

dLips ⇤ d cos ⌅t d cos ⌅b d⇧b d cos ⌅b̄ d⇧b̄ d cos ⌅l+ d⇧l+ d cos ⌅l� d⇧l� dq2t dq2t̄ dq2W dq2W̄ (13)

where the angles are defined in the appropriate rest frames, and the q2’s are the invariant masses

of the top’s and W’s. Note that, since the normal to the plane defined by the e+e� pair and the

tt̄ pair can be used as a reference to measure the azimuthal angles, all angles involved in the 6

particle final state a priori contribute to | M⇥e⇥ē |2, up to an overall rotation around the z axis

that allows to set ⇧t = 0, which therefore does not appear in dLips. In the following illustration,

one uses the narrow width approximation, so that the four q2 are integrated out. As a result the

Lorentz invariant phase space is reduced to nine-dimension.

6

  The top physics is one of the three pillars of linear collider physics 
program.  
  Current on-going studies in the ILC collaboration include:  
! Properties of top: mass, width and cross section

! Coupling of top, namely, top Yukawa coupling                            
! BSM: anomalous couplings to BSM gauge bosons (Z’, W’, Extra 
dimension etc) ! Top Electroweak coupling.
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Introduction

The Analysis

1 The analysis is done on the semi-leptonic decay of the top
quark:
tt̄ �⇥ (bW )(bW ) �⇥ (bqq)(bl�)

2 Analysis at
⇤

s = 500GeV with an integrated luminosity
L = 500 fb�1.

3 We use the charge of the lepton to know the charge of the
top.

4 The full simulation are done with the ILD detector (Mokka +
Whizard software).

5 The reconstruction is based on the Particle Flow Algorithm
(Pandora) and is done with Marlin on the data samples
prepare for the LOI.
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and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
bosons X = �, Z0,

Generally speaking, an e+e� linear collider (LC) can measure t quark electroweak
couplings at the % level. In contrast to the situation at hadron colliders, the leading-
order pair production process e+e� ⇥ tt goes directly through the ttZ0 and tt�
vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. The Ref. [1] uses

�ttX
µ (k2, q, q) = ie

⌥
�µ

⇤
 FX
1V (k

2) + �5  FX
1A(k

2)
⌅
+

(q � q)µ
2mt

⇤
 FX
2V (k

2) + �5  FX
2A(k

2)
⌅�

.

(1)
with k2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further �µ with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

The Gordon composition of the current reads

�ttX
µ (k2, q, q) = �ie

⌥
�µ

�
FX
1V (k

2) + �5F
X
1A(k

2)
⇥
+

⇤µ⇥

2mt
(q + q)µ

�
iFX

2V (k
2) + �5F

X
2A(k

2)
⇥�

,

(2)
with ⇤µ⇥ = i

2 (�µ�⇥ � �⇥�µ). The couplings or form factors  FX
i and FX

i appearing in
Eqs. 1 and 2 are related via

 FX
1V = �

�
FX
1V + FX

2V

⇥
,  FX

2V = FX
2V ,  FX

1A = �FX
1A ,  FX

2A = �iFX
2A . (3)

Within the Standard Model the Fi have the following values:

F �,SM
1V = �2

3
, F �,SM

1A = 0, FZ,SM
1V = � 1

4swcw

⇧
1� 8

3
s2w

⌃
, FZ,SM

1A =
1

4swcw
, (4)

with sw and cw being the sine and the cosine of the Weinberg angle ⇥W . The coupling
F �
2V is related via F �

2V = Qt(g�2)/2 to the anomalous magnetic moment (g�2) with
Qt being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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105-6 ttbar pairs production 
at sqrt[s]=500 GeV with 500 fb-1!

Top electroweak couplings

generated by the existence of a new strong sector, inspired by QCD, that may man-
ifest itself at energies of around 1TeV. In all realisations of the new strong sector,
as for example Randall-Sundrum models [1] or compositeness models [2], Standard
Model fields would couple to the new sector with a strength that is proportional to
their mass. For this and other reasons, the t quark is expected to be a window to any
new physics at the TeV energy scale. New physics will modify the electro-weak ttX
vertex described in the Standard Model by Vector and Axial vector couplings V and
A to the vector bosons X = �, Z0.

Generally speaking, an e+e� linear collider (LC) can measure t quark electro-
weak couplings at the % level. In contrast to the situation at hadron colliders, the
leading-order pair production process e+e� ⇥ tt goes directly through the ttZ0 and
tt� vertices. There is no concurrent QCD production of t quark pairs, which increases
greatly the potential for a clean measurement. In the literature there a various ways
to describe the current at the ttX vertex. Ref. [3] uses:
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(1)
with k2 being the four momentum of the exchanged boson and q and q the four vectors
of the t and t quark. Further �µ with µ = 0, .., 3 are the Dirac matrices describing
vector currents and �5 = i�0�1�2�3 is the Dirac matrix allowing to introduce an axial
vector current into the theory

Applying the Gordon identity to the vector and axial vector currents in Eq. 1 the
parametrisation of the ttX vertex can be written as:
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with sw and cw being the sine and the cosine of the Weinberg angle ⇥W .

All the expressions above are given at Born level. Throughout the article no
attempt will be made to go beyond that level. The coupling F �

2V is related via
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and other reasons, the t quark is expected to be a window to any new physics at the
TeV energy scale. New physics will modify the electro-weak ttX vertex described
in the Standard Model by Vector and Axial vector couplings V and A to the vector
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with sw and cw being the sine and the cosine of the Weinberg angle ⇥W . The coupling
F �
2V is related via F �

2V = Qt(g�2)/2 to the anomalous magnetic moment (g�2) with
Qt being the electrical charge of the t quark. The coupling F2A is related to the dipole
moment d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry
CP . Note, that all the expressions above are given at Born level. Throughout the
article no attempt will be made to go beyond that level.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [2,3], which can operate at centre-of-mass energies between about
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! new physics models 

In SM, X=!, Z 

CP violating

F �
2V = Qt(g � 2)/2 to the anomalous magnetic moment (g � 2) with Qt being the

electrical charge of the t quark. The coupling F2A is related to the dipole moment
d = (e/2mt)F2A(0) that violates the combined Charge and Parity symmetry CP . Due
to the �/Z0 interference the t pair production is sensitive to the sign of the individual
form factors. This is in contrast to couplings of t quarks to � and Z0 individually
where the form factors enter only quadratically. The authors of [4] use LEP data to
set indirect constraints on the electric form factors FZ

1V,A. These limits are su⇥cient

to exclude an ambiguity for FZ
1A but not for FZ

1V . In [4] also rough estimates for |F �,Z
2V |

are given.

Today, the most advanced proposal for a linear collider is the International Linear
Collider, ILC [5], which can operate at centre-of-mass energies between the Z0 pole
to 1TeV. The ILC provides an ideal environment to measure these couplings. The
tt pairs would be copiously produced, several 100,000 events at

⇥
s = 500 GeV for

an integrated luminosity of 500 fb�1. It is possible to almost entirely eliminate the
background from other Standard Model processes. The ILC will allow for polarised
electron and positron beams. With the use of polarised beams, t and t quarks oriented
toward di�erent angular regions in the detector are enriched in left-handed or right-
handed t quark helicity [6]. This means that the experiments can independently access
the couplings of left- and right-handed chiral parts of the t quark wave function to
the Z0 boson and the photon. In principle, the measurement of the cross section
and forward-backward asymmetry At

FB for two di�erent polarisation settings allows
extracting both, the photon and Z0 couplings of the t quark for each helicity state.
This study introduces the angle of the decay lepton in semi-leptonic decays of the tt
in the rest frame of the t quark. This angle will be called the helicity angle. The
slope of the resulting angular distribution is a measure for the fraction of t quarks in
left-handed helicity state, tL and right-handed helicity state, tR, in a given sample.
There are therefore six independent observables

• The cross section;

• The forward backward asymmetry At
FB;

• The slope of the distribution of the helicity angle;

for two beam polarisations. For the extraction of the six CP conserving form factors
defined for the Z0 and the photon, F1V , F1A and F2V , the following observations have
to be taken into account: Close to the tt threshold the observables depend always
on the sum F1V + F2V . Therefore a full disentangling of the form factors will be
imprecise for energies below about 1 TeV. Hence, in the present study either the
four form factors F1V,A are varied simultaneously, while the two F2V are kept at their

3



Polarisation dependence of EW@NLO

E.K. Y. Kurihara, B. Mecaj, T.Moskalets in preparation

It turned out that the size of the NLO correction depend strongly 
on the final state polarisation as well.

3.3 Analysing the NLO corrections using the top polarisation

In this section, we further investigate the NLO corrections by decomposing them into di↵erent
final state polarisation. The energy dependence of the cross-section is given in Figure 2 and
3 for initial state polarisation, e�Le

+
R and e�Re

+
L , respectively. The left figures are the total

cross-section at the tree level (dashed line) and at the NLO level (circle, square, diamond and
triangle points) and the right figures are the ratio of the NLO correction, �NLO ⌘ �NLO��tree

�tree
.
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Figure 2: NLO results produced by the GRACE software with the e�Le
+
R initial polarisation.

The red (circle) and blue (square) lines are the result for final state polarisations t�t̄+ and t+t̄�,
respectively. The solid lines represent the tree level plus one loop corrections while the dashed lines
are tree level only. The green (triangle) lines are the result for final state polarisations t±t̄± (the
two configurations give the same result). The left panel is the

p
s dependence of the cross section

and the right panel is the ratio of the NLO correction, �NLO = �NLO��Tree
�Tree

.

Let us start with the Figure 2 (left). As we have seen in the previous section, the e�Le
+
R ! t�t̄+

process has the largest cross-section. This process receives a large negative NLO correction
at low

p
s, which decreases as

p
s increases. The other three top polarisation configurations

receive positive NLO correction, which increases as
p
s increases. As a result, in the sum

of the four processes, the NLO correction is negative at low
p
s and goes positive at a

higher
p
s, which explains the pattern of the NLO correction to the e�Le

+
R observed in the

previous section. Figure 2 (right) shows the ratio of the NLO correction to tree contribution.
The NLO correction to e�Le

+
R ! t�t̄�/t+t̄+ increases rapidly as

p
s increases. This can

be understood, as we have already discussed in the previous section, that the tree level
contribution, which is proportional to the mt mass, vanishes at large

p
s limit. The NLO

correction to e�Le
+
R ! t�t̄+(t+t̄�) increases from ⇠ �7(⇠ 12) % to ⇠ 0(⇠ 22) % as the centre

of mass energy increases from 500 GeV to 1000 GeV. For the e�Re
+
L initial polarisation,

Figure 3 (left) shows that all four final polarisation receives positive NLO corrections. This
explains the pattern of the NLO correction to the e�Re

+
L process observed in the previous

section. Figure 3 (right) shows the similar increase for e�Re
+
L ! t�t̄�/t+t̄+ as e�Le

+
R case, for

9

√
s GeV

σ
(e

−

e
+
→

tt̄
)
p
s

0.0

0.2

0.4

0.6

0.8

1.0

400 500 600 700 800 900 1000

e
−

L
e
+

R
→ t±t̄±

e
−

L
e
+

R
→ t− t̄+

e
−

L
e
+

R
→ t+t̄−

√
s GeV

δ
N
L
O

0.0

0.2

0.4

0.6

0.8

400 500 600 700 800 900 1000

e
−

L
e
+

R
→ t±t̄±

e
−

L
e
+

R
→ t− t̄+

e
−

L
e
+

R
→ t+t̄−

√
s GeV

σ
(e

−

e
+
→

tt̄
)
p
s

0.0

0.2

0.4

0.6

0.8

1.0

400 500 600 700 800 900 1000

e
−

R
e
+

L
→ t±t̄±

e
−

R
e
+

L
→ t− t̄+

e
−

R
e
+

L
→ t+t̄−

√
s GeV

δ
N
L
O

0.0

0.2

0.4

0.6

0.8

1.0

400 500 600 700 800 900 1000

e
−

R
e
+

L
→ t±t̄±

e
−

R
e
+

L
→ t− t̄+

e
−

R
e
+

L
→ t+t̄−

2

Figure 3: NLO results produced by the GRACE software with the e�Re
+
L initial polarisation.

The red (circle) and blue (square) lines are the result for final state polarisations t�t̄+ and t+t̄�,
respectively. The solid lines represent the tree level plus one loop corrections while the dashed lines
are tree level only. The green (triangle) lines are the result for final state polarisations t±t̄± (the
two configurations give the same result). The left panel is the

p
s dependence of the cross section

and the right panel is the ratio of the NLO correction, �NLO = �NLO��Tree
�Tree

.

the same reason. On the other hand, di↵erent from e�Le
+
R, both e�Re

+
L ! t�t̄+/t+t̄� receives

very similar NLO correction, which increase from ⇠ 12 to ⇠ 87 % as the centre of mass
energy increases from 500 GeV to 1000 GeV.

Add the diagrams here

Next, in order to investigate further the origin of the polarisation dependence of the NLO
correction, we separate the NLO correction coming from the W boson box diagrams, whose
contribution depends strongly on the polarisation due to its left-handed nature. Here, we
focus on the energy,

p
s = 500 GeV. We first summarise the numerical results for

p
s = 500

GeV in Table 2, which corresponds to the result seen in the Figures 2 and 3. Table 3 is
the breakup between the W - box and the others diagrams (including real photon emission).
Note that this separation does not cause any inconsistency as the box diagram with W
boson exchange, i) constitutes a gauge-invariant set together with its partner of unphysical
particles, ii) does not play any role in IR divergence cancellation. Table 3 shows that the
box contributions always contribute with negative values independently of the polarisation
while the other contributions are positive. This means that there is always a certain amount
of cancellation between vertex and box corrections.

Indeed, we can see in Table 3 that the W boson box diagram contributes to the e�Le
+
R initial

polarisation while it is zero for the e�Re
+
L initial state, reflecting the left-handedness of the W

boson coupling. At the large
p
s limit, the W boson contributes only to the t�t̄+ final state

as well. However, at
p
s = 500 GeV, the top quark is a mixture of the chiral left- and right-
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- large NLO correction to the cross section: e-Re+L→t+tbar-

- large NLO correction to the forward-backward asymmetry: e-Le+R→t-tbar+


